The induction of strong cytotoxic T-lymphocyte (CTL) and humoral responses appear to be essential for the elimination of persistently infecting viruses, such as hepatitis C virus (HCV). Here, we tested several vaccine regimens and demonstrate that a combined vaccine regimen, consisting of HCV E2 DNA priming and boosting with recombinant E2 protein, induces the strongest immune responses to HCV E2 protein. This combined vaccine regimen augments E2-specific immunoglobulin G2a (IgG2a) and CD8
Hepatitis C virus (HCV) is a major causative agent of non-A, non-B hepatitis (7, 18) . Previous studies indicate that the development of chronic liver disease and hepatocellular carcinoma is closely associated with persistent infection of HCV (30) . Currently, the lack of efficient antiviral treatment against HCV makes the development of a vaccine highly desirable. It is unclear which type of immunity is essential for HCV resolution. Recombinant protein vaccination facilitates strong antibody responses and stimulates primarily Th2 cells, which are defined by their secretion of the cytokines interleukin-4 (IL-4), IL-5, and IL-10. Protein vaccination with HCV envelope glycoproteins E1 and E2 induced protective immunity against homologous virus challenge in chimpanzees (8) . In this model, the protection appeared to be correlated to the titers of anti-E2 antibodies, suggesting that antibody responses are important for protection against HCV infection. Furthermore, there are growing evidences that Th1 and cytotoxic Tlymphocyte (CTL) responses to HCV proteins may play a key role in virus resolution during natural infection (9, 11, 24, 28) . It has been reported that the prevalent cytokine pattern of circulating HCV-specific CD4 ϩ T cells is Th1-like in patients who recovered from acute hepatitis, as exhibited by the secretion of IL-2 and gamma interferon (11) . In addition, chimpanzees which generated high levels of CTL responses to HCV proteins eliminated HCV infection (9) . Thus, an effective HCV vaccine must elicit both strong humoral and cell-mediated immune responses, especially Th1 and CTL responses.
Since it has been documented that DNA immunization preferentially induces Th1 immunity and CTL responses to many viral antigens (5, 26, 36) , DNA vaccine approaches have been applied to generate protective immunity to a variety of pathogens (10, 12, 33) . However, DNA immunization was also demonstrated to generate weaker antibody and CTL responses than did protein and live attenuated vaccinations, respectively (22, 32) . In general, immunity generated by DNA vaccination alone appeared to be sufficient to protect against pathogens in only a few animal models (2, 23) . To circumvent these limits of DNA vaccination, many groups have employed combinatorial vaccination regimens (3, 22, 29, 32) . Antibody avidity and neutralizing antibody (nAb) titers to human immunodeficiency virus (HIV) gp160 were greatly enhanced in rabbits by DNA priming followed by protein boosting as compared to either DNA or protein immunization only (29) . Furthermore, recombinant protein booster immunization of DNA-primed macaques had an enhancement of antibody responses of approximately 100-fold and protection from nonpathogenic simian/ human immunodeficiency virus infection (22) . Although antibody responses were greatly modulated quantitatively as well as qualitatively by protein boosting in DNA-primed animals, the effects of protein boosting on the induction of T-cellbased immunity, especially CD8 ϩ CTL responses, have not been investigated. Here, we performed DNA priming-protein boosting vaccination regimens against HCV E2 to assess the effects of protein booster immunization on both antibody and CTL responses in mice. Both CTL and bulk antibody responses, especially immunoglobulin G2a (IgG2a) responses, were strongly increased by an E2 protein boosting in mice primed twice with E2 DNA. Moreover, the group of mice given the DNA priming-protein boosting vaccine regimen had the highest protection rate against challenge by tumor cells expressing HCV E2 protein. Even though other factors, such as antigen dosage, route of immunization, and kind of adjuvant, could affect the immune responses, our DNA priming-protein boosting may provide a general vaccination regimen for the induction of strong antibody and CTL responses.
Preparation of DNA vaccine constructs and recombinant proteins. The DNA vaccine vector pTV2sE2t was constructed to encode HCV E2 sequences (amino acid [aa] residues 384 to 719) of type 1b (Korean isolate) (19) fused to the herpes simplex virus type 1 glycoprotein D (gD) signal sequence (aa residues 1 to 34) (20) . To obtain recombinant herpes simplex virus type 1 gD and HCV E2 proteins, stable Chinese hamster ovary (CHO) cell lines expressing gD and gDE2t were constructed. Briefly, the cDNA fragment encoding the C-terminal truncated gD protein (aa 1 to 316) was amplified by PCR from the KOS-1 strain by using primers 5Ј-ATC CTG CAG GTC TCT TTT GT-3Ј and 5Ј-CGC GAA TTC CTG GAT CGA CGG GAT-3Ј and was inserted into pMT3 to produce pMT3-gD (19) . To construct pMT3-gDE2t, the E2 region spanning aa residues 386 to 693 was obtained by PCR using E2N (5Ј-CCA TAT GCG CGT GAC AGG AGG AAC G-3Ј) and 2420A (5Ј-TGT TCT AGA GGA GGT GGA TTA ACC CA-3Ј) primers and fused in-frame to aa residue 326 of gD in pMT3-gD. The resulting constructs were used to establish recombinant CHO cell lines expressing either gD or gDE2t protein as previously described (19) . The recombinant CHO cell lines were initially screened by immunoblotting and enzymelinked immunosorbent assay (ELISA) using anti-gD (Fitzgerald Inc., Concord, Mass.) and anti-E2 monoclonal antibodies (mAbs) (19) and were subjected to five subsequent rounds of methotrexate (Sigma, St. Louis, Mo.) selection. To purify gD and gDE2t, the gD mAb affinity column was prepared by coupling the gD mAb to the CNBr-activated Sepharose-4B (Pharmacia Biotech Inc.). The secreted gD and gDE2t proteins were purified to 90% purity by repeating immunoaffinity chromatography twice (19) .
Antibody responses induced by different combinatorial vaccinations. To investigate the effect of protein boosting in DNA-primed mice, we compared antibody responses induced by several vaccination regimens, as shown in Table 1 . Briefly, 6-week-old female BALB/c mice were injected either intramuscularly (i.m.) in the anterior tibialis muscles with 100 g of DNA following pretreatment with bupivacaine-HCl (ASTRA) and/or subcutaneously (s.c.) with 5 g of protein, with alum hydroxide serving as adjuvant. The booster immunizations were performed either once or twice with the same amount of DNA or protein at 1-month intervals. Sera were collected by eye bleeding at selected time points and assayed for the presence of E2-specific antibodies by ELISA using E2 and human growth hormone (hgh) fusion protein, which was purified from a recombinant CHO cell line (19) . The end-point titrations were performed by ELISA with serial dilutions of pooled sera to determine the E2-specific antibody responses semiquantitatively. Mice given an injection with pTV2sE2t DNA (designated E2 DNA) induced a weak antibody response to E2 protein, which was enhanced approximately 4-to 12-fold by consecutive booster immunization with the same DNA ( Table 1 , group V). The gDE2t recombinant protein immunizations (group VII) elicited antibody responses that were five times higher than those induced by E2 DNA injections. Interestingly, when a booster immunization with gDE2t protein was performed after two rounds of E2 DNA injections, the antibody titer was dramatically increased (approximately 29-fold), which was even higher than that of gDE2t protein immunizations alone (Table  1 , groups IV and VII). The protein priming-DNA boosting regimen induces a lower level (approximately four-to fivefold) of antibodies than those induced by DNA priming-protein boosting (Table 1 , groups IV and VI), which supports a previous report that the specific order of immunization is important for the induction of optimal immune responses in prime-boost immunization strategies with different vaccine preparations (32) . In addition, when a gDE2t booster immunization was performed in mice given a single E2 DNA injection, the antibody titer was increased to three times higher than that induced by E2 DNA boosting, but it was still lower than that induced by two rounds of recombinant gDE2t protein immunizations alone (Table 1 , group VIII). These experiments demonstrate that booster-immunization-amplified antibody responses correlated with the type of priming regimen (DNA or protein) or upon the number of rounds of DNA priming that were administered. As expected, the effect of a gDE2t protein boosting was not observed in mice primed two times with control pTV2 DNA ( Table 1, group II) . Taken together, our data suggest that the enhancement of total IgG by a protein booster immunization is specific to antigen which is primed by DNA and not due to the nonspecific bystander activation of B cells by immunostimulatory effects of bacterial DNA (15) .
It is likely that DNA immunization predominantly induces IgG2a antibodies, which is generally accepted as an indicator of Th1 immunity (26) . The presence of E2-specific IgG isotypes were assayed by ELISA using horseradish peroxidaseconjugated sheep anti-mouse IgG1 or IgG2a secondary antibodies (Southern Biotechnology Associates). As expected, the dominant IgG subclasses induced by gDE2t protein and E2 DNA immunizations were IgG1 and IgG2a, respectively (Fig.  1) . Interestingly, a booster immunization with gDE2t protein in E2 DNA-primed mice dramatically increased E2-specific IgG1 and IgG2a isotype titers (Fig. 1) . Although this enhanced IgG1 titer was comparable to that raised in mice that received three rounds of gDE2t protein immunizations alone, the level of IgG2a titer was approximately 15 and 150 times higher than that of mice given three rounds of E2 DNA and gDE2t protein immunizations, respectively. However, a reverse-ordered immunization regimen which performed booster immunizations with E2 DNA after priming twice with gDE2t protein slightly 
a Female BALB/c mice were injected with 100 g of DNA (i.m.) or 5 g of protein (s.c.) and then boosted one time (group VIII) or two times (groups I to VII) with an identical dose of DNA or protein at 4-week intervals.
b Data shown represent geometric mean titers Ϯ standard errors for each group of animals.
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on December 23, 2017 by guest http://jvi.asm.org/ enhanced both IgG1 and IgG2a titers, which were approximately 2 and 40 times lower than those induced by the DNA priming-protein boosting regimen, respectively (Fig. 1) . Our data strongly suggest that the predetermined dominance of the IgG2a isotype was not significantly changed by booster immunization with antigens which induce the IgG1 isotype or vice versa. Our data, together with a previous report that ␤-galactosidase (␤-Gal) protein booster immunization in ␤-Gal DNAprimed mice significantly enhanced the IgG2a titer and caused secretions of smaller amounts of IL-4 and IL-5 than those from mice given protein immunization only (26) , suggest that the Th1-dominated immune responses raised after DNA priming was preserved by protein booster immunization. This DNA priming-protein boosting regimen has great potential for inducing Th1-like immunity, which is likely to be essential for the clearance of intracellular pathogens. It has been previously reported that antibodies directed to hypervariable region 1 (HVR1) of the E2 protein have neutralizing activity (31) and that a booster immunization with HIV gp120 protein in gp120 DNA-primed mice strongly enhanced the nAb titers (29) . To determine whether antibodies specific to HVR1 peptide are enhanced by a gDE2t protein booster immunization in E2 DNA-primed mice, we analyzed HVR1-specific antibodies following this regimen. Although we previously reported that immunization with E2 DNA induces both homologous and heterologous HVR1-specific antibodies in Buffalo rats (20, 21) , mice did not generate HVR1-specific antibodies in our present experiments (data not shown). These conflicting results may stem from differences in the genetic backgrounds of mice and rats. Enhancement of CTL responses by a protein booster immunization. To investigate the effects of protein boosting on the level of CD8 ϩ T-cell responses generated by DNA priming, we compared the level of CTL responses induced by various vaccination regimens. Briefly, eight mice from each group were tested by a conventional 51 Cr-release assay (34) for the ability to generate CTLs at 3 weeks after the final immunization. CT26-hghE2t cell lines expressing HCV E2t which were fused to hgh (19) were generated under continuous selective pressure with 350 g of G418 (GIBCO BRL) per ml and were used to raise CTLs by in vitro stimulation of spleen cells from the immunized mice for 7 days in the presence of 10 U of murine IL-2 (Pharmingen) per ml. As target cells, we used CT26, CT26-hghE2t, and P815, which was infected with recombinant vaccinia virus expressing ␤-Gal or HCV structural proteins (aa residues 1 to 740). As expected, mice immunized with E2 DNA, but not with recombinant gDE2t protein, elicited E2-specific CTL responses (Fig. 2) . In order to determine whether different booster immunization regimens affect the generation of CTL responses in mice primed by DNA or protein injection, we analyzed CTL activities in mice primed twice with E2 DNA or gDE2t protein followed by a booster immunization with the same DNA or protein. A booster immunization with gDE2t protein, but not with control gD protein, in mice primed twice with E2 DNA significantly enhanced CTL activity ( Fig. 2A and B, P value of Ͻ0.05 by Fisher's exact test between group III and IV). This activity was somewhat higher than that induced by three rounds of E2 DNA immunizations alone. In contrast, no group of mice showed specific CTL activities against two control targets, CT26 and P815, which were infected with recombinant vaccinia virus expressing ␤-Gal (data not shown). Interestingly, a booster immunization with gDE2t protein after priming once with E2 DNA did not significantly enhance CTL responses, which were much lower than those induced by two rounds of E2 DNA immunization alone (Fig. 2C and D) . Together, these observations demonstrated that E2-specific CTL responses were significantly enhanced by gDE2t protein booster immunization in two rounds of E2 DNA-primed mice, suggesting that sufficient priming with E2 DNA immunization is necessary to enhance CTL activity by protein boosting, as was seen in antibody responses. An E2 DNA booster injection appeared to generate CTL activity in mice given by two rounds of gDE2t protein administration, which was comparable to what was induced by a single E2 DNA immunization. Therefore, it is likely that a DNA priming-protein boosting regimen would optimize the elicitation of high levels of HCV E2-specific CTL responses. In order to determine which population of effector CTLs was increased by a booster immunization with gDE2t protein after E2 DNA priming, we performed a CTL assay with either enriched CD4 ϩ or CD8 ϩ T cells sorted by the MACS system (Milteny Biotec), which yielded enriched T-cell populations of approximately 95%, as confirmed by fluorescence-activated cell sorter analysis (CellQuest software; Becton Dickinson). Enriched T-cell populations were stimulated by the addition of CT26-hghE2t cells and IL-2 (50 U/ml) in the presence of mitomycin C (Sigma)-treated naive splenocytes. These experiments indicated that only CD8 ϩ effector cells, but 
not CD4
ϩ cells, were demonstrated to generate E2-specific cytotoxicity (data not shown), suggesting that gDE2t protein booster immunization further increased the CD8 ϩ CTL population primed by E2 DNA injection.
Although the mechanism by which a protein booster immunization further enhanced CD8 ϩ CTL responses in DNAprimed mice is unclear, there are several possible explanations. First, since DNA vaccination appeared to predominantly induce both Th1 and CD8 ϩ CTL immunity, protein boosting in DNA-primed mice may further stimulate preformed memory Th1 cells which produce IL-2 and gamma interferon in secondary lymphoid organs. Next, these cytokines would make memory CD8 ϩ CTL to further proliferate. Second, since the cross-priming ability of dendritic cells could be increased by Th1 cytokines and/or CD40L on activated Th cells (4, 6, 13, 17, 18) , it is possible that these dendritic cells may cross-present the exogenous gDE2t protein to memory CD8 ϩ T cells. Alternatively, the antigen-IgG immune complexes were demonstrated to enhance the ability of dendritic cells' cross-presentation via Fc␥R-mediated endocytosis (27) . Since mouse IgG2a binds more strongly to Fc␥R than IgG1 (37) , it is likely that the complexes of gDE2t with IgG2a induced by E2 DNA priming may be cross-presented.
Tumor protection studies. To confirm the antibody and CTL immunity induced by various vaccination regimens in vivo as previously reported (35), 2 ϫ 10 6 CT26-hghE2t tumor cells were s.c. injected into the groups of the immunized mice at 4 weeks after the last immunization. As shown in Fig. 3 , the groups of mice immunized three times with either control DNA or with gDE2t protein displayed tumor formation and began succumbing at approximately 4 to 5 weeks, and all displayed tumor formation and had succumbed by 9 weeks postin- jection. However, the group of mice that received three rounds of E2 DNA injection were delayed in tumor formation and lethargy, resulting in a final survival rate of 44%, which is not statistically significant when compared to those of groups I and II (P ϭ 0.082). The group of mice that were booster immunized with gDE2t protein, following E2 DNA priming two times, showed the highest survival rate: approximately 78% at week 20, which was significantly different from groups I and II (P Ͻ 0.03). Thus, these data suggest that HCV E2-specific antibody and CTL responses induced by a DNA priming and protein boosting regimen confers in vivo protection against modified tumor challenge. Although it is not easy to evaluate relative effects of antibody and CTL responses on tumor protection in vivo, it is likely that both contribute to the elimination of tumor cells. E2-specific CD8
ϩ CTLs could directly kill the CT26-hghE2t cells, as shown in the in vitro CTL assay, and antibodies, especially IgG2a, which strongly binds to Fc␥R on macrophages and natural killer cells, could mediate antibodydependent cell-mediated cytotoxicity (1, 14, 25) .
In conclusion, we have shown that consecutive immunizations involving priming twice with HCV E2 DNA and boosting with a recombinant gDE2t protein elicits enhanced antibody and CTL responses which protected mice from a lethal tumor challenge. Our DNA priming and protein boosting vaccine strategy thus offers promise for vaccine development against many pathogens.
